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1.	  Explodability	  of	  progenitors	  	

•  We	  used	  to	  say	  that	  M	  ~	  10-‐25M	  stars	  explode	  as	  
supernovae	  (with	  leaving	  neutron	  stars),	  and	  	  	  	  	  	  	  	  	  	  	  	  	  	  
M	  >	  ~	  25M	  	  stars	  don’t	  (with	  leaving	  blackholes).	  

•  Recent	  theoreZcal	  studies	  have	  suggested	  that	  the	  
situaZon	  could	  be	  more	  complicated.	  



Explodability	  of	  progenitors	  	

•  MulZ-‐D	  simulaZons	  of	  CCSNe	  (due	  to	  neutrino	  driven	  
mechanism)	  have	  been	  significantly	  progressed,	  but	  

•  Explosion	  energy	  is	  too	  small	  –	  Missing	  something	  (physics)?	  

•  Explodable	  mass	  range	  is	  not	  clear:	  
•  TradiZonal	  Fe	  core	  mass	  is	  not	  so	  good	  to	  discuss	  explodability	  

•  O’Connor	  &	  Oa	  (2011)	  -‐-‐-‐	  new	  indicator	  ξ	  (compactness	  parameter)	  
	  	  	  	  	  	  	  	  	  	  ξM	  =	  (M/M)	  /	  (R(M)/1000	  km)	  ,	  measured	  @core	  bounce	  Zme	  
	  	  	  	  	  	  	  	  	  	  	  (ξ2.5	  	  >	  0.45	  for	  non-‐explosion)	  	  	  	  	  

•  But	  this	  is	  also	  not	  so	  good	  (e.g.,	  Ugliano+2012)	  
•  	  	  	  Undetermined	  for	  	  	  0.15<	  ξ2.5<	  0.35	  	  
•  ξM	  	  is	  also	  not	  so	  useful	  because	  it	  is	  calculable	  only	  AFTER	  a	  

collapse	  simulaZon	  



Ugliano,	  Janka	  +	  (2012,	  ApJ)	  	  	  (1D	  study)	

I will briefly explain how they calculated these 
when I explain their improved version  
by Ertl + 2016 in the next next slide. 



Explodability	  of	  progenitors	  	

•  Explodable	  mass	  range	  is	  also	  observaZonally	  uncertain	  

•  It	  appears	  no	  SN	  IIp	  above	  M	  ~	  18	  M	  	  (Smara	  +	  2009)	  
•  TradiZonally	  considered	  that	  M	  <	  ~25	  M	  	  become	  SN	  IIp	  

•  This	  may	  be	  explained	  if	  ξ2.5	  <	  0.2	  progenitors	  do	  not	  explode	  
(Horiuchi	  +	  2014)	  	  	  -‐-‐-‐	  (SN1987A,	  M~	  20M	  ?	  	  



Explodability	  of	  progenitors	  :	  A	  possible	  beaer	  indicator	

	  	  	  	  	  	  Ertl,	  Janka	  +	  2016,	  arXiv:	  1503.07522	  (Two	  parameter	  criterion)	  
•  1D	  model	  +	  given	  PNS	  core	  cooling	  model	  (for	  Mr	  <	  1.1M)	  	  
	  	  	  	  	  	  	  	  	  	  +	  calibraZon	  to	  SN1987A	  	  (+progenitor	  dependent	  accreZon	  L	  	  	  
	  	  	  	  	  	  	  	  	  	  	  621	  progenitor	  models	  used	  
•  Two	  (Pre-‐collapse)	  parameters	  are	  important:	  M4	  and	  μ４ 	  
	  	  	  	  	  	  	  	  	  M4	  (M)	  =	  enclosed	  mass	  inside	  entropy	  per	  nucleon	  s=4	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (may	  be	  replaced	  by	  Fe	  core	  mass)	  
	  	  	  	  	  	  	  	  	  μ4	  =	  (dM	  /M)	  /(dr/	  1000km)	  @s=4	  	  (mass	  derivaZve)	  

	  μ4	  correlates	  with	  mass	  accreZon	  rate,	  and	  	  M4	  μ4	  with	  neutrino	  luminosity	  

Actual  
calculations 
Colored: 
success	

PNS model  
name	



Ertl	  +	  2016	  :	  results	
•  CriZcal	  line	  :	  μ４ =	  k1	  (M4	  μ４)+	  k2	  
•  k1	  and	  k2	  depends	  on	  PNS	  models	  (unfortunately!)	  
•  It	  seems	  two	  separated	  explosion	  regions	  (M	  <	  22	  &	  25-‐27)	  	

Black: explosion failed	



Ertl	  +	  2016	  :	  Is	  this	  result	  different	  from	  what	  we	  thought?	

•  Possible	  interpretaZon	  
–  Most	  10	  <	  M/M	  <	  22	  stars	  ➡	  Type	  II	  supernova	  (with	  NSs)	  

–  22	  <	  M/M	  <	  25	  ➡　blackholes	  
–  25	  <	  M/M	  <	  27	  ➡　explosion	  (Faint	  supernova	  with	  Hydrogen)	  	  

–  27	  <	  M/M	  	  ➡　mostly	  blakhole	  (some	  of	  them	  are	  hypernova?)	  

•  These	  may	  be	  consistent	  with	  observaZons	  (except	  for	  the	  
lack	  of	  massive	  SN	  IIp	  suggested	  by	  Smara	  +	  2009)	  	  







2.	  On	  the	  progenitor	  of	  GW150914	

•  LIGO	  detected	  gravitaZonal	  wave	  
•  Merger	  of	  two	  BHs	  :	  ~	  36M	  and	  29M	  	



What	  can	  we	  learn	  from	  GW	  observaZons	  ?	

•  (Failed)	  SNe	  
–  Neutrinos	  may	  be	  deteced	  almost	  simultaneously	  	  

–  Explosion	  mechanism,	  EOS	  
–  Progenitor	  structure,	  spin	  (rotaZon	  profile)	  

•  NS-‐NS	  (BH)	  merger	  
–  With	  opZcal	  counterpart	  /	  Short	  GRB	  ?	  

–  EOS,	  NS	  mass,	  NS	  spin	  
–  Nucleosynthesis	  (r-‐process)	  
–  Binary	  evoluZon	  

•  BH-‐BH	  merger	  
–  Binary	  evoluZon	  (Common	  envelope	  
–  ProperZes	  of	  (very)	  massive	  stars	  :	  

•  mass	  loss,	  iniZal	  mass	  funcZon	  (metallicity	  dependence	  

•  Spin	  (angular	  momentum	  transfer	  

Important  
for massive 
star evolution 
but uncertain 



GW150914	  :	  forming	  scenario	
Belczynski +2016 : A possible one	

Common envelope	

Marchant +2016 : no CE phase	

CHE : 
chemically 
homogeneous  
evolution	

Ends up an equally massive BH+BH 
Critically spinning ?	

Metal poor : 0.03Z	



GW150914	  :	  forming	  scenario	
Belczynski +2016 : A possible one	

Common envelope	

Woosley 2016,  arXiv:1603.00511 
 - first, he rejected a single star model 
 - negative to Fermi/GBM transient 

Compared with the model left 
 - suggested that a larger metallicity  
   Z = 0.1Z might be allowed 

e.g., 90M + 70M pair 
 90M ➡〜40M He star through  
                RLOF + mass-loss 
 70M ➡〜30M He core + H-envelope 

These stars form a CE and then 
lose most H envelope during the CE. 

After CE, the separation < 0.2 AU. 

Metal poor : 0.03Z	

A binary scenario	



GW150914	  :	  Spin	  parameter	  of	  each	  BH	
arXiv: 1602.0384	

•  spin parameter "
    a =  J/Jmax = cJ/(GM2)"
•  Observation showed that 
two BH are not critically 
spinning"
•  They are rather slow 
spinner"

•  a1 < 0.7"
• If their spins are aligned, 
a1<0.2, a2<0.3"

• So we are studying how such 
slow spinning BH can be produced 
after stellar evolution "
(Takahashi, Umeda, Yoshida 2016 
in prepaparation)"



GW150914	  :	  forming	  scenario	
Belczynski +2016 : A possible one	 Marchant +2016 : no CE phase	

CHE : 
chemically 
homogeneous  
evolution	

Fast spinner	

Metal poor : 0.03Z	

a ~ 1	 a ~ 1	

May be slow	

Spun up ?	



RotaZonal	  evoluZon	  of	  a	  Single	  star	  leaving	  a	  massive	  BH	  
Koh	  Takahashi,	  H.U.,	  T.	  Yoshida	  (2016,	  in	  prep)	  	

•  It	  is	  important	  to	  understand	  the	  property	  of	  single	  stars	  even	  
though	  GW	  progenitors	  might	  have	  evolved	  in	  binary.	  	  

•  We	  calculate	  for	  
–  Mass	  :	  60,	  	  90	  M	  

–  Metallicity	  :	  0,	  	  	  0.1	  Z	  

–  RotaZon	  :	  20%	  (typical),	  	  50%	  (fast)	  of	  VKeplar	  

–  with/without	  Spruit-‐Taylor	  (ST)	  dynamo	  	  (Spruit	  99,	  02)	  

•  ST-‐dynamo	  :	  (If	  this	  really	  exists	  or	  not,	  is	  One	  of	  the	  most	  important	  
issues	  in	  massive	  stellar	  evoluZon	  theory	  

–  provides	  efficient	  angular	  momentum	  transfer	  in	  a	  radiaZve	  (c.f.	  
convecZve)	  region	  

–  physically	  not	  strongly	  supported	  
–  But	  this	  or	  this	  kind	  of	  mechanism	  may	  be	  required	  to	  avoid	  too	  fast	  

iniZal	  rotaZon	  of	  Neutron	  Stars	  (Pulsars)	  	



Takahashi	  et	  al.	  2016:	  Results	

He core mass is about 
29 ~ 62 M 

This will be a BH mass  
if these stars will be in 
a common envelope  
with another star.  



Takahashi	  et	  al.	  2016:	  HR-‐diagram	
With ST-dynamo	 Without ST-dynamo	

Z=0	 Z=0	

Z=0.1 Z	 Z=0.1 Z	

CHE	 CHE	

Stars in CHE evolve directly from main sequence to Wolf-Rayet. 
Z=0 models do not become CHE because angular momentum  
is ejected during pre-main sequence stages.  

Fast (50%) Z=0.1 Z models become CHE. 
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Takahashi	  et	  al.	  2016:	  Specific	  angular	  momentum	
60M, with ST-dynamo	

Only the model becoming CHE can maintain fast rotation, a~1  

Z=0.1 Z, V=50%	

Z=0, V=50%	

Z=0.1 Z, V=20%	

Z=0, V=20%	

time evolution	 initial	

dashed : 
spe.ang.momentum 
for Last stable orbit 
(a=1)	

Consistent with 
Yoon & Langer 05 
Heger & Woosley 06	

Ang. Momentum is removed with mass-loss	



Takahashi	  et	  al.	  2016:	  Specific	  angular	  momentum	

with ST-dynamo 
Only the model becoming CHE can maintain fast rotation, a~1 

without ST-dynamo 
All models may produce GRBs if j ~ jlast is the necessary  
condition for GRBs (this is inconsistent with observations) 	



Takahashi	  et	  al.	  2016:	  Total	  angular	  momentum,	  J	
With ST-dynamo,   (60, 90M), (20, 50% VKep)	

Z=0	

Z=0.1Z 	

Solid lines: results 
Dashed lines: 
 critical (a = 1) 

The models lose  
angular momentum 
with mass-loss and 
cross the critical line 
at the positions 
marked by ↑	

Only this model (60M, 50%) 
has a~1 at the end	



Takahashi	  et	  al.	  2016:	  Spin	  parameter	
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Takahashi	  et	  al.	  2016:	  Summary	

•  We	  studied	  rotaZonal	  evoluZon	  for	  Z=0,	  0.1	  Z,	  M=60,	  90M	  
and	  V=20,	  50%	  VKep	  

•  If	  no	  mechanism	  like	  ST-‐dynamo,	  massive	  BHs	  should	  typically	  
have	  a	  large	  spin	  parameter,	  a	  >~0.7,	  and	  can	  be	  tested	  
through	  GW	  detecZons.	  

•  With	  ST-‐dynamo,	  typical	  (single)	  BHs	  should	  be	  slow	  spinner	  
including	  Pop	  III	  (Z=0)	  ones.	  	  

•  There	  is	  no	  “radiaZve”	  mass-‐loss	  for	  Z=0,	  so	  no	  angular	  
momentum	  loss	  associated	  with	  this.	  	  

	  	  	  	  	  	  	  However,	  surface	  velocity	  of	  a	  Z=0	  star	  conZnuously	  exceeds	  
the	  break	  up	  velocity	  	  

	  	  	  	  ➡　mass	  loss	  &	  making	  slow	  spinner	



3.	  The	  progenitor	  of	  SN1987A	

•  Since	  this	  is	  a	  neutrino	  conference	  (@Koshiba	  
hall),	  I	  think,	  it	  is	  relevant	  to	  talk	  about	  
SN1987A.	  

•  Purpose	  of	  this	  presentaZon	  is	  NOT	  to	  give	  full	  
explanaZons,	  but	  

	  	  	  	  to	  note	  that	  we	  sZll	  don’t	  fully	  understand	  
about	  SN1987A	  progenitor	  (because	  it	  is	  quite	  
complicated)	  even	  ayer	  30	  years!	  



SN1987A	
久々に肉眼で見える超新星がマゼラン雲 (LMC) に出現	

27 



 Kamiokande detected	

 11 in 13 seconds 
10 billion neutrinos per 1cm2 on the earth	

 Supernova explosion theory was roughly confirmed !	

28 time	

Kamiokande	



29 

Prof. 
Koshiba	



And,	  Koshiba-‐hall	  was	  built	



Mysteries	  about	  SN1987A	  progenitor	

•  It	  was	  blue	  before	  explosion！	  

•  3	  rings	  (considered	  an	  evidence	  that	  the	  progenitor	  
was	  once	  red	  and	  turned	  into	  blue)	  

•  Ejecta	  seems	  to	  be	  asymmetric	  
•  Abundance	  anomary（He-‐rich	  

•  These	  peculiariZes	  haven’t	  been	  fully	  understood	  

5/9	



SN1987AA	



HR-‐diagram:	  Normal	  stellar	  evoluZon	
Blue:  
smaller radius	

Red:  
larger radius	

Supernova 
explosion  
in Red	



A	  single	  star	  model	  (Saio,	  Nomoto,	  Kato	  1988)	

20M, Z=0.005	
×	

×	

○	

A: dM/dt × 0 
B,C: dM/dt × 5　（to make it red） 

C: (dashed)  
     He abundance is increased 

Red	

Blue	Model successful?  
But the story was not over	



SN1987A	  :	  single	  or	  binary?	

•  Saio+1988	  result	  suggested	  that	  He-‐rich	  may	  
be	  realized	  by	  rotaZonal	  mixing	  

•  But	  no	  fast-‐rotaZng	  model	  has	  been	  successful	  	  
– Fast	  rotaZon	  ➡	  larger	  core	  ➡	  tend	  to	  be	  Red	  
•  Langer	  group,	  Woosley	  group	  –	  unpublished	  

– We	  have	  also	  tried	  many	  and	  confirmed	  that	  
single	  fast	  rotaZng	  models	  do	  not	  work.	  

•  AlternaZve	  model	  :	  binary	  merger	  model	  
– Podsiadlowski	  and	  collaborators	  



A	  merger	  (spiral-‐in)	  model	  for	  formaZon	  of	  three	  rings	  	  
(Morris	  and	  Podsiadlowski	  2007)	

It simultaneously makes 
the primary turns from 
Red to Blue  
by giving mass, energy and 
angular momentum. 
(Podsiadlowski 1992) 

But his calculation didn’t  
include rotation. 



RotaZon	  effects	  in	  the	  merger	  (spiral-‐in)	  model：	  
Urushibata	  +2016	  in	  preparaZon	  	

16M, LMC metallicity 
Case A merger 

87A	

Merged here 
+5, 7.5, 10M 
added 
(from bottom	
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Urushibata	  +2016	

•  For	  a	  Case	  A	  merger	  just	  adding	  mass	  of	  5M	  makes	  the	  
progenitor	  from	  Red	  to	  Blue	  	  

•  During	  the	  merger,	  angular	  momentum	  also	  should	  be	  added	  
–  RotaZon	  in	  general	  gives	  negaZve	  effects	  to	  make	  the	  star	  blue	  

•  From	  the	  size	  of	  the	  Ring,	  Case	  C	  merger	  may	  be	  beaer	  for	  the	  
SN1987A	  model	  

•  Our	  results	  revealed	  that	  just	  adding	  mass	  is	  not	  enough	  for	  
Case	  C	  to	  make	  the	  star	  blue	  



Urushibata	  +2016:	  Case	  C	  merger	  +	  He	  rich	  envelope	  
(Preliminary):	  can	  be	  blue,	  but	  the	  He	  enhancement	  can’t	  be	  

realized	  only	  with	  rotaZonal	  mixing	  ➡　merging	  induced	  mixing?	



Summary	
•  Topic1:	  explodability	  may	  be	  determined	  by	  two	  pre-‐collapse	  

parameters	  M4	  and	  μ４	  (Or	  we	  need	  at	  least	  two)	  

–  Though	  the	  results	  depend	  on	  PNS	  models	  unfortunately	  
–  M	  =	  10	  ~	  22	  and	  25~27	  M	  may	  explode	  by	  neutrino	  driven	  

mechanism	  

•  Topic2:	  Angular	  momentum	  transfer	  is	  very	  important	  in	  
discussing	  massive	  star	  evoluZon,	  and	  GRBs	  
–  GW	  observaZons	  may	  potenZally	  prove	  the	  rotaZonal	  properZes	  of	  

massive	  stars	  

•  Topic3:	  SN1987A	  is	  sZll	  mystery	  
–  Red	  to	  Blue	  evoluZon	  may	  require	  merger	  of	  a	  M	  ~	  5M	  star,	  and	  

maaer	  mixing	  induced	  by	  the	  merging	  to	  make	  the	  star	  He-‐rich	


